that included the human hydroxysteroid sulfotransferase SULT2A1 (hHST). When compared with standards of stereoisomers of α-(N 2 -deoxyguanosinyl)tamoxifen 3Ј-monophosphate (dG 3ЈP -N 2 -TAM), the major adduct was identified chromatographically as an epimer of the transform of dG-N 2 -TAM, and the minor adduct was identified as an epimer of the cis-form. The amount of TAM adducts formed by hHST was approximately three times less than that formed by an equivalent amount of rat hydroxysteroid (alcohol) sulfotransferase a. These results indicate that sulfation of α-OHTAM catalyzed by hHST results in the formation of dG-N 2 -TAMs, highly miscoding lesions, in human tissues.
Introduction
Tamoxifen (TAM) is widely used for the chemotherapy of breast cancer and is being considered as a prophylactic agent for healthy women with a positive family history of breast cancer (1) (2) (3) . However, this drug is a potent hepatocarcinogen in rats (4) (5) (6) and promotes a high frequency of mutations in the liver DNA of λ/lacI transgenic rats (7) . Treatment with TAM increases the incidence of endometrial cancer in breast cancer patients (8) (9) (10) , and TAM has been listed as a human carcinogen by the IARC (11) .
Treatment with TAM produces DNA adducts in the livers of rodents (12) (13) (14) . We recently found that α-sulfate TAMs are highly reactive to DNA, forming four diastereoisomers of α-(N 2 -deoxyguanosinyl)tamoxifen (dG-N 2 -TAM, the structures in Figure 1 ) (15) , as similarly observed for a model activated form, α-acetoxytamoxifen (15, 16) . dG-N 2 -TAM adducts are miscoding lesions and may generate G→T and Abbreviations: dG, 2Ј-deoxyguanosine; dG 3ЈP , 2Ј-deoxyguanosine 3Ј-monophosphate; dNs, 2Ј-deoxynucleosides; (E)-α-OHTAM, trans-form of α-hydroxytamoxifen; dG-N 2 -TAM, α-( N 2 -deoxyguanosinyl)tamoxifen; hHST, human hydroxysteroid sulfotransferase (SULT2A1); PAPS, 3Ј-phosphoadenosine 5Ј-phosphosulfate; PEI, poly(ethyleneimine); ST, sulfotransferase; STa, rat hydroxysteroid (alcohol) sulfotransferase a; TAM, tamoxifen; (Z)-α-OHTAM, cis-form of α-hydroxytamoxifen.
G→C transversions and deletions in mammalian cells (17) . We also found that sulfation of α-hydroxytamoxifen (α-OHTAM) catalyzed by rat liver hydroxysteroid (alcohol) sulfotransferase a (STa), resulted in dG-N 2 -TAM adducts in DNA (18) . Based on the levels of the expression and relationship of human sulfotransferases to the rat enzymes that activate benzylic alcohols, human hydroxysteroid sulfotransferase (hHST) may play a significant role in the activation of benzylic alcohols in human livers (19) . Moreover, similarities in the substrate specificities of STa and hHST are consistent with the possibility that hHST may also catalyze the sulfation of α-OHTAM.
In this study, formation of TAM-DNA adducts was explored using a recombinant human sulfotransferase. We found that dG-N 2 -TAM adducts are produced through the sulfation of α-OHTAM catalyzed by hHST. This result suggests that sulfation of α-OHTAM catalyzed by hHST may be involved in the formation of TAM-DNA adducts in human tissues.
Materials and methods

Chemicals
[γ-32 P]ATP (sp. act. 6000 Ci/mmol) was obtained from Amersham (Arlington Heights, IL). Polyethyleneimine (PEI)-cellulose plates were purchased from Machery-Nagel (Duren, Germany). Calf thymus DNA, potato apyrase, and 3Ј-phosphoadenosine 5Ј-phosphosulfate (PAPS) were purchased from Sigma (St Louis, MO). Micrococcal nuclease and spleen phosphodiesterase were obtained from Worthington Biochemical (Freehold, NJ). Sulfotransferases Human sulfotransferase extracts were provided from PanVera (Madison, WI). Briefly, Spodoptera frugiperda Sf-9 cells were infected with a baculovirus containing the complete cDNA insert for a human hydroxysteroid sulfotransferase (SULT2A1) as previously described (20) . The infected cells were harvested by centrifugation. Cytosolic extracts were prepared by differential centrifugation. Cells were homogenized in 6 vols of 0.1 M potassium phosphate buffer, pH 7.4, containing 0.1 mM EDTA and 1 mM DTT. The homogenate was centrifuged at 20 000 g for 20 min. The post-mitochondrial fraction was centrifuged at 100 000 g for 1 h. The supernatant was recovered, aliquoted, and frozen at -80°C. When the cytosolic fraction was subjected to SDS-PAGE analysis, bands corresponding to the approximate molecular weight of human sulfotransferase were observed. However, these bands were not present in extracts prepared from cells infected with a wild-type baculovirus. Protein concentration was determined using the bicinchoninic acid assay (Pierce, Rockford, IL). Sulfotransferase activity was determined using dehydroepiandrosterone as a substrate for SULT2A1. The enzyme activity was measured using a precipitation assay that removes [ 35 S]PAPS. Briefly, the cytosolic extract diluted was incubated at 37°C for 20 min with a substrate (the final concentration was 5 µM dehydroepiandrosterone) in 50 µl of 25 mM potassium phosphate buffer, pH 6.5, containing 25 mM dithiothreitol, 1 mM MgCl 2 and 1.28 µM [ 35 S]PAPS. The reaction was stopped by addition of a 1:1 mixture of 0.1 M barium acetate and 0.1 M barium hydroxide. Precipitation of free [ 35 S]PAPS was performed by using 0.1 M zinc sulfate and 0.1 M barium hydroxide, followed by centrifugation. The activity was calculated by assuming that the soluble c.p.m. were caused by sulfate-conjugated substrate. Enzyme units are expressed as nanomoles of sulfuric acid ester product formed per minute. The specific activity of hHST (SULT2A1) was 1.2 U/mg protein. A rat liver hydroxysteroid (alcohol) sulfotransferase a (STa) was purified as described previously (18, 21) . The specific activity of the STa was 99.2 U/ mg protein.
Reaction of α-OHTAM with DNA in the presence of hHST and PAPS (E)-α-OHTAM was synthesized by the established protocol (22) . The (E)-α-OHTAM sample was highly pure and was not contaminated with (Z)-α-OHTAM, as described previously (18) . Aliquots of purified calf thymus DNA (6 µg) were incubated at 37°C for 1 h with 200 µM PAPS and 100 µM (E)-α-OHTAM, 0.7 mM MgCl 2 in 50 µl of 50 mM potassium phosphate, pH 6.5, with or without various amounts of hHST. Reaction mixtures for STa were the same as described above for the human sulfotransferases except that 8.3 mM mercaptoethanol was included, and 0.25 M potassium phosphate, pH 7.0, was used. After the reaction, reaction mixtures were extracted with phenol, with phenol/chloroform, 1:1 (v/v), and with chloroform. Following ethanol precipitation, the DNA was washed twice by 500 µl of ethanol and used for analysis of DNA adducts.
Digestion of DNA samples
The DNA samples (3 µg) were enzymatically digested at 37°C for 2 h in 10 µl of 17 mM sodium succinate buffer, pH 6.0, containing 8 mM CaCl 2 , using 2.0 U micrococcal nuclease and 2.0ϫ10 -3 U spleen phosphodiesterase. The samples were dissolved in 100 µl of distilled water and extracted twice with 100 µl of butanol. Approximately 95% of TAM adducts were recovered by butanol extraction. The butanol fractions were dried and used for analysis of TAM-DNA adducts. The digests of pooled extracts were labeled with 32 P, as described previously (18) . A part of the 32 P-labeled sample was developed Three micrograms of the recovered DNA was digested enzymatically, extracted with butanol and labeled with 32 P. One-sixth of the sample was developed on a PEI-cellulose TLC plate using 1.7 M sodium phosphate buffer, pH 6.0, with a paper wick. The 32 P-labeled products that remained around the original spot were recovered using 4 M pyrimidinium formate, pH 4.3, again developed on a PEI-cellulose plate using three different buffer solutions, and compared with standards of 32 P-labeled dG 3ЈP -N 2 -TAM (B), as described previously (18) .
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for 16 h on a polyethylenimine (PEI)-cellulose thin-layer plate using 1.7 M sodium phosphate buffer, pH 6.0 (D1 buffer), with a paper wick. 32 P-labeled products that remained around the original spot were recovered using 4 M pyrimidinium formate, pH 4.3, and evaporated to dryness. The recovery of 32 P-labeled products was~84%. These samples were again developed on a 10ϫ10 cm or 20ϫ20 cm of PEI-cellulose TLC plate using three different solvents, as described previously (18) . The position of adducts was established by a β-phosphorimaging (Molecular Dynamics, Sunnyvale, CA) or autoradiography, using Kodak Xomat XAR film. The radioactive spots on the PEIcellulose plates were scraped and the radioactivities were measured by scintillation counting. The relative adduct levels were calculated according to Levay et 
Determination of 32 P-labeled DNA adducts by HPLC
The standard of stereoisomers of dG 3Јp -N 2 -TAM, prepared previously (18) , was labeled with 32 P (24). The labeling efficiencies of the trans-form and cisform of dG 3Јp -N 2 -TAM were 65 and 56%, respectively. A part of the 32 Plabeled products recovered from a PEI-cellulose plate after development of 1.7 M sodium phosphate buffer, pH 6.0, was subjected to a Supelcosil LC-18S column (0.46ϫ25 cm; Supelco, Bellefonte, PA), and eluted over 30 min at a flow rate of 1.0 ml/min with a linear gradient of 0.2 M ammonium Data obtained from three independent experiments are expressed as means Ϯ SD. Subtracting the amounts of adducts produced by α-OHTAM alone from that produced by sulfotransferase, the data are also expressed as adducts/mU enzyme in parentheses.
Fig. 2.
Determination of 32 P-labeled DNA adducts by HPLC. One-third of 32 P-labeled products (E)-α-OHTAM alone (---), (E)-α-OHTAM ϩ hHST ( ) or a mixture of trans-and cis-forms of 32 P-dG 3Јp -N 2 -TAM (. . . .) recovered from a PEI-cellulose TLC plate as described in Figure 1 was subjected to a Supelcosil LC-18S column (0.46ϫ25 cm; Supelco). A linear gradient of 0.2 M ammonium formate, pH 4.2, containing 10-70% methanol was eluted over 30 min at a flow rate of 1.0 ml/min. The eluate was collected in 1.0 ml fractions and the radioactivity was measured by a scintillation counter. formate, pH 4.2, containing 10-70% methanol. Fractions of 1.0 ml were collected and the radioactivity was measured by scintillation counting. HPLC analysis was performed on a Waters 990 HPLC instrument (Milford, MA).
Results
Formation of TAM-DNA adducts
To explore the formation of TAM-DNA adducts, (E)-α-OHTAM was incubated with DNA, PAPS, and with or without hHST. The TAM-DNA adducts were analyzed using a 32 Ppost-labeling method combined with butanol extraction. When the DNA was incubated in a buffer without (E)-α-OHTAM and hHST, no DNA adducts were detected ( Figure 1A) . With (E)-α-OHTAM and PAPS, a small amount (0.58 adducts/10 6 normal nucleotides) of TAM adduct was detected as indicated 
2009
by an arrow (Figure 1C, a) . This result was consistent with (E)-α-OHTAM having a poor reactivity to DNA (15, 25) . When hHST was added to the reaction mixture containing DNA, (E)-α-OHTAM and PAPS, several TAM-DNA adducts were detected ( Figure 1D ). The major adduct represents 3.7 adducts/ 10 6 dNs: this amount was 6.4-times more than that observed with (E)-α-OHTAM alone (Table I ). The amount of the minor adduct formed was 0.49 adducts/10 6 dNs. The major and minor adducts migrated similarly to standards of trans-and cis-forms of dG 3ЈP -N 2 -TAM, respectively ( Figure 1B) . When the same amounts of cytosolic extract (67 µg protein) prepared from cells infected with the wild-type baculovirus was used, a small amount of TAM adducts (0.48 adducts/10 6 dNs) was detected (data not shown). This amount was similar to that produced by (E)-α-OHTAM alone. Thus, no significant amounts of TAM adducts were produced by the wild-type cytosolic extract.
Using the same amount of STa activity, 10.2 adducts/10 6 dNs of trans-form of dG 3ЈP -N 2 -TAM and 1.1 adducts/10 6 dNs of the cis-form were detected (Table I) . Subtracting the amounts of adducts produced by α-OHTAM alone from that produced by sulfotransferase, the data were also expressed as adducts per milliunit of enzyme (Table I ). The formation of TAM adducts was linear with the amounts of the enzyme used (Table  I) and over the time course of the reaction (data not shown). The amounts of the trans-form and the cis-form produced by STa were 3.1-and 2.3-times, respectively, higher than those observed with hHST.
Identification of TAM-DNA adducts
As shown previously (18) , standards of the trans-forms (fr-1 and fr-2) of 32 P-labeled dG 3ЈP -N 2 -TAM can be separated from that of the cis-forms (fr-3 and fr-4) by HPLC. When a mixture of these standards was subjected to HPLC, the retention time of the trans-form of dG-N 2 -TAM was 37 min whereas the retention time of the cis-forms was 40 min (Figure 2 ). The 32 P-labeled samples obtained from the DNA incubated with (E)-α-OHTAM alone or with hHST and (E)-α-OHTAM in the presence of PAPS were developed on a PEI-cellulose TLC plate using D1 buffer. The 32 P-labeled products that remained around the origin were recovered from the TLC plate and subjected to HPLC. With hHST and (E)-α-OHTAM ( Figure  2 ), a major peak representing a trans-form of dG-N 2 -TAM and another peak representing the cis-form were observed at 37 and 40 min, respectively. With (E)-α-OHTAM alone, small peaks were detected at 37 and 40 min (Figure 2) .
When standards of 32 P-labeled dG 3ЈP -N 2 -TAM are developed on a 20ϫ20 cm PEI-cellulose plate, all stereoisomers of dG-N 2 -TAM can be resolved ( Figure 3A) . 32 P-labeled products obtained from the DNA incubated with hHST and (E)-α-OHTAM in the presence of PAPS were developed, and one epimer (fr-2) of trans-form of dG-N 2 -TAM was detected as a major adduct (3.6 adducts/10 6 dNs) ( Figure 3B ). The other epimer (fr-3) of the cis-forms (5.0 adducts/10 7 dNs) was detected as a minor adduct. Trace amounts of epimers of the trans-form (fr-1, 7.5 adducts/10 8 dNs) and the cis-form (fr-4, 2.9 adducts/10 8 dNs) also were detected.
Discussion
When hHST was incubated with DNA, (E)-α-OHTAM and PAPS, significant amounts of dG-N 2 -TAM adducts were detected in the DNA ( Figure 1D and Table I ). Randerath et al. showed that the formation of TAM-DNA adducts in mouse liver was decreased when pentachlorophenol, a potent inhibitor of phenol sulfotransferase and acetyltransferase, was co-administered with TAM (26) . This indicated that sulfation and/or acetylation can be involved in the activation of TAM. In fact, we have previously observed that (E)-α-OHTAM and (Z)-α-OHTAM are weak substrates for recombinant rat hepatic aryl sulfotransferase IV (18) . However, recombinant human phenol sulfotransferase (SULT1A1*2) did not promote any significant TAM-DNA adducts (data not shown). Similar results also were observed with human estrogen sulfotransferase (SULT1E) and human monoamine sulfotransferase (SULT1A3). Thus, hHST is a candidate for involvement in the formation of TAM-DNA adducts in human tissues.
As reported previously, α-sulfate TAM is highly reactive with DNA, forming dG-N 2 -TAM adducts (15) . Thus, the sulfuric acid ester of α-OHTAM, produced with hHST and PAPS, most likely reacts with DNA to produce dG-N 2 -TAM adducts (Figure 4) (15,18) . We found that the trans-form of dG-N 2 -TAM was formed as a major adduct and the cis-form was formed as a minor adduct (Figures 1D and 3B) . Since a conversion between the (E)-and (Z)-form of α-OHTAM occurs through a carbocation intermediate (15, 18) , the cis-form of dG-N 2 -TAM can be formed through this conversion (Figure 4) . α-OHTAM has been detected as a metabolite of TAM in the culture media from rat and human hepatocytes (27) . The formation of α-OHTAM using the human hepatocyte was 65 times less than that of the rat hepatocyte. In addition, the formation of TAM adducts in the human hepatocyte treated with α-OHTAM was 300 times less than that observed in rat hepatocytes (27) . The lower metabolic conversion from TAM to α-OHTAM and the lower sulfation of α-OHTAM may be 2010 the reason for the very low formation of TAM-DNA adducts in human hepatocytes. When rat liver STa (80 U) was incubated with α-OHTAM and PAPS, the formation of the trans-forms of dG-N 2 -TAM adduct was 3.1 times higher than that observed with the same amount of enzyme units of hHST. Thus, the catalytic efficiency of hHST with (E)-α-OHTAM may be slightly lower than that of STa. In addition, the content of hHST in human tissues may also be a factor determining the overall formation of TAM adducts.
Phillips et al. failed to detect TAM-DNA adducts in leukocytes (28) or in endometrium (29) of TAM-treated patients. Using a 32 P-post-labeling-HPLC method, Hemminki et al. detected a TAM-induced adduct in leukocytes (30) and endometrial tissues (31) obtained from breast cancer patients. However, this result was criticized because the radioactivity of a TAM adduct detected was only twice that of background, and the adduct was not identified using a standard (32) . In our preliminary studies using a combination of 32 P-post-labeling and HPLC analysis, several adducts were detected in the endometrial samples obtained from patients treated with TAM. A major adduct was identified chromatographically as transform and cis-form of dG-N 2 -TAM (S.Shibutani et al., unpublished data). Moreover, our present results suggest that sulfation of α-OHTAM catalyzed by hHST may be involved in the formation of dG-N 2 -TAM adducts in human tissues. Since dG-N 2 -TAMs are highly miscoding lesions (17) , these adducts may participate in the initiation of certain human cancers including endometrial cancer.
